To fully deploy the potential of semiconductor nanocrystal films as low-cost electronic materials, a better understanding of the amount of dopants required to make their conductivity metallic is needed. In bulk semiconductors, the critical concentration of electrons at the metal-insulator transition is described by the Mott criterion. Here, we theoretically derive the critical concentration nc for films of heavily doped nanocrystals devoid of ligands at their surface and in direct contact with each other. In the accompanying experiments, we investigate the conduction mechanism in films of phosphorus-doped, ligand-free silicon nanocrystals. At the largest electron concentration achieved in our samples, which is half the predicted nc, we find that the localization length of hopping electrons is close to three times the nanocrystals diameter, indicating that the film approaches the metal-insulator transition.
Semiconductor nanocrystals (NCs) have shown great potential in optoelectronics applications such as solar cells [1] , light emitting diodes [2] , and field-effect transistors [3, 4] by virtue of their size-tunable optical and electrical properties [5] and low-cost solution-based processing techniques [6, 7] . These applications require conducting NC films and the introduction of extra carriers through doping can enhance the electrical conduction. Several strategies for NC doping have been developed. Remote doping, the use of suitable ligands as donors in the vicinity of NC surface, increased the conductivity of PbSe NC films by 12 orders of magnitude [8] . Electrochemical doping, which tunes the carrier concentration accurately and reversibly, resulted in conducting NC films [9, 10] . Lately, stoichiometric control has emerged as a strategy to dope lead chalcogenide NCs [11] . Finally, electronic impurity doping of NCs, originally impeded by synthetic challenges [12] , was recently achieved in InAs [13] and CdSe [14] NCs.
While many experimental studies have been directed towards increasing the conductivity of NC films, there is still no clear consensus on the fundamental question: what is the condition for the metal-insulator transition (MIT) in NC films [15] [16] [17] ? In a bulk semiconductor, the critical electron concentration n M for the MIT depends on the Bohr radius a B according to the well-known Mott criterion [18] n M a 3 B 0.02, where a B = ε 2 /m * e 2 is the effective Bohr radius (in Gaussian units), ε is the dielectric constant of the semiconductor, and m * is the effective electron mass. It is obvious that a dense film of undoped semiconductor NCs is an insulator, while a film of touching metallic NCs with the same geometry is a conductor. Therefore, the MIT has to occur in semiconductor NC films at some criti-
FIG. 1.
The origin of the metal-to-insulator transition in semiconductor nanocrystal films. The figure shows the cross section of two nanocrystals in contact through facets with radius ρ. The blue spherical cloud represents an electron wave packet which moves through the contact. Such a compact wave packet is available only at kF ρ > 2 (see Eq. (5) and equivalent Eq. (1)). Here a is the lattice constant, d is the NC diameter, kF is the Fermi wave vector.
cal concentration of electrons n c , i.e. there should be an analog to the Mott criterion in a dense film of touching semiconductor NCs.
Here, we focus on NCs that touch each other through small facets of radius ρ without any ligands that impede conduction (Fig. 1) . We derive below that for such touching NCs the MIT criterion is
where g is the number of equivalent minima in the conduction band of the semiconductor. As to be expected, Eq. (1) predicts n c for NC films that is much larger than n M for the bulk. For instance, for close to spherical particles, the facet radius imposed by the discretness of the crystal lattice can be approximated as Below, we derive Eq. (1) and discuss its applicability and limitations. To test the predictions of our theory, we investigate the electron transport in dense films of phosphorus-doped, ligand-free Si NCs over a wide range of doping concentration. We find that the electron localization length grows with n and becomes 3 times larger than d at n 0.5n c , where n c is predicted by Eq. (1). This signals that the MIT is indeed occurring close to predicted n c .
CRITICAL DOPING CONCENTRATION AT MIT
For metallic transport to occur in arrays of spherical NCs that touch each other at transport limiting facets, the NCs themselves need to be metallic, i.e. the number of electrons N in a NC is large. Hence, the electron gas can be described with the Fermi wave vector:
Here n = 6N/πd 3 is the density of electrons in a NC. Below, k F serves as a measure of the concentration n. In Ref. [19] we show that if d a B the NC has random energy spectrum filled upto F = 2 k 2 F /2m * due to random potential of donors. In the opposite quantum-confined case, d a B , for spherically symmetric NCs, electrons occupy states with different radial and angular momentum quantum numbers (n, l)-shells, each of them being degenerate with respect of azimuthal quantum number m. If the total number of electrons in the NC is N D 1, several (n, l)-shells are occupied. Still, when quantum numbers are large, Bohr's correspondence principle allows us to consider the average density of states of electrons quasiclassically and introduce the Fermi wave vector k F and the Fermi energy F . This description is correct if the Fermi energy F is a good estimate for the energy of the top shell. At the critical concentration n c = 2 × 10 20 cm −3 for CdSe NCs with diameter d = 5 nm, each NC has 13 electrons and the top shell is the half-filled 1d-shell. The Fermi energy F at the concentration n c is 50% smaller than the shell energy ∼ 60 2 /md 2 . Hence, our degenerate gas description is accurate within 50%, which is a measure for the accuracy of our n c predictions.
To derive the MIT condition, we consider the conductance of two metallic NC connected by a small facet contact. When k F ρ 1, the conductance of such a "point" contact was previously studied quasiclassically [20, 21] :
where πρ 2 is the contact area. This conductance can be easily understood with the help of the Landauer formula [22] . The number of conducting channels in the contact area is ∼ (k F ρ) 2 and each of them additively contributes ∼ e 2 /π to G. It was proven that the MIT occurs if the average conductance between two neighboring NCs G in an array of NCs is equal to the minimal conductance G m [23, 24] :
Substituting G from Eq. (3) into (4) yields the general criterion for the MIT
which can easily be rewritten in terms of n c with help of Eq. (2) to yield Eq. (1) . The origin of Eq. (5) is illustrated in Fig. 1 : the condition k F ρ > 2 describes electron wave packets with a size small enough to pass through the contact facet. We now discuss the effect of the contact facet size, which for metal chalcogenide NCs can be large [25] . Considering as an example an octahedron-shaped particle that is circumscribed by a sphere of diameter d, the area of each facet is 0.2d 2 . Equating this to πρ 2 1 , we find an effective ρ 1 0.26d. At d = 8 nm, we get ρ 1 = 20Å, which is not far from ρ a = da/2 = 14Å for the spherical case. This ρ 1 results in a 3 times smaller n c than ρ a .
The NC contact through facets is, of course, the best case scenario that defines the lower bound for n c for spherical NCs. For NCs that do not touch through facets, a finite tunneling distance b = / √ 2mU 0 in the medium between NCs should be taken into account. Here U 0 is the work function. An electron can move between neighboring NCs only in a disc that we call b-contact, in which the distance between NCs is smaller than b. The radius of such a b-contact is ρ b = db/2 (See SI1 ). The small ratio of the effective electron mass in the semiconductor NC to the free electron mass makes the b-contact transparent (see similar effect in Ref. 16 ). Usually, for NCs in vacuum (air), b 1Å which is much smaller than the lattice constant a; relying on only b-contacts increases n c upto 10 times.
So far we have considered NCs with bare surfaces. If NCs are covered by a thin shell of ligands or oxide leading to a NC separation s, the conductance G acquires an additional factor exp(−2s/b) and Eqs. (4), (5) yield
In this case, the MIT may become unreachable. We also can calculate the low temperature mobility µ in the vicinity of the MIT. Substituting the conductivity from Eq. (3) into the expression µ = 6G/πend (where the factor 6/π accounts for the difference between the concentration of electrons inside NCs and the average concentration in the film) we find the low-temperature metallic mobility
For CdSe NCs with d = 4 nm, µ is on the order of 10 cm 2 /V · s at n = 2n c and is close to the experimentally observed room-temperature mobility of 30 cm 2 /V · s for CdSe [26] [27] [28] . Note that this mobility mostly is due to the contact resistance, while the in the case of bulk semiconductors the low temperature mobility is due to the scattering by donors.
We now discuss the role of disorder. The number of donors N D in a NC randomly fluctuates between NCs with a Gaussian distribution. If each NC were neutral (N = N D ), Gaussian fluctuations of donor number, δN D , would lead to substantial fluctuations F / √ N D of F from one NC to another. To establish a unique chemical potential of electrons (the Fermi level), electrons move from NCs with larger than average n to ones with smaller than average n. Accordingly, most NCs attain net charges ∼ √ N e. This leads to large fluctuations of the Coulomb potential and moves the NC electron energy levels with respect to the Fermi level. In an insulating NC array (n < n c ), this replaces the global charging energy gap of the density of states by the Coulomb gap which leads to the Efros-Shklovskii variable range hopping [29] (see below).
This theory is based on the criterion (4), which guarantees that energy levels of NCs have a width comparable to the average energy difference between the adjacent levels δ. This also eliminates the Anderson localization. At the same time, at G > G m , there is at least one electron channel in the contact disk with almost perfect transparency. This guarantees [22, 23] that the charging energy of every single NC, E c = e 2 /ε r d, is reduced to a value much smaller than δ (ε r is effective dielectric constant of the NC film). Accordingly, the Mott-Hubbard localization is eliminated at the same time as the Anderson localization. We emphasize that criterion (4) is universal and holds for heavily doped NC films regardless of whether NCs are quantum-confined or not. A detailed discussion of this universality is presented in SI2 .
Another generic disorder effect is the variation of NC sizes [16] . Remarkably, in heavily doped NCs, this variation does not lead to Anderson localization of electrons, I . Parameters of P-doped Si NCs. XP,nom is the nominal doping, XP,ICP is the atomic fraction of P in Si NCs measured from ICP-OES, d is the average diameter of NCs, F is the plasmonic peak in wavenumber for Si NC films, n is the electron concentration estimated from the plasmonic peak, ξ is the localization length calculated from the electrical transport data.
because their spectrum is already random. Thus, as for contacting metallic NCs, small variations of the diameter are inconsequential. On the other hand, the ≈ 15% size dispersion in our experiments below may complicate the matching of NC facets and therefore increase n c .
ELECTRON TRANSPORT IN FILMS OF HEAVILY DOPED SILICON NANOCRYSTALS
To test the predictions of our theory, we studied the electron transport in films of heavily phosphorous (P)-doped Si NCs. Freestanding Si NCs were synthesized in a nonthermal radio-frequency plasma reactor as reported previously [30] . We investigated six Si NC films with different P concentrations. We refer to them using their nominal doping concentration X P,nom , the fractional flow rate, defined as [SiH 4 ] are the flow rates of phosphine and silane.
To quantify P incorporation in Si NCs, we utilized inductively coupled plasma optical emission spectroscopy (ICP-OES). Table I shows the P atomic fraction in Si NCs for each nominal doping concentration. We observe a monotonic increase in the incorporated P fraction with increasing nominal doping concentration, and the incorporation efficiency is about 50% when X P,nom is below 5%. However, this technique only measures the elemental composition but not the concentration of active dopants.
For samples at sufficiently high doping concentration, we can determine the free electron concentration through the localized surface plasmon resonance (LSPR). The position of the plasmonic peak depends on the free electron concentration n as described by the equation [33] are associated with surface silicon hydride stretching modes, and features at 1000 − 800 cm −1 and 750 − 550 cm −1 are the relevant deformation modes [31] . The small peak at 2200 − 2300 cm −1 can be either Si − Px − Hy or O − Si − Hx since they appear in the same wavenumber range [32] .
where ω is the localized surface plasmonic resonance frequency, ε is the dielectric constant for bulk Si (11.7) and ε m is the dielectric constant for the surrounding medium, taken as ∼ 1 for nitrogen atmosphere in this study. As shown in Figure 2 , the plasmonic peaks are at 1110, 1260 and 1360 cm −1 in the infrared absorption spectra and the free electron concentrations are n = 1.9×10 20 , 2.4×10 20 , and 2.8 × 10 20 cm −3 for 5%, 10% and 20% P-doped Si NCs, respectively. No plasmonic peaks were observed for doping concentrations lower than nominal 5%. All known parameters of Si NCs are summarized in Table  I . Si NC sizes were determined by X-ray diffraction and transmission electron microscopy, as presented in the SI3 .
Next, we examined the electrical transport in the Pdoped Si NC films. Figure 3 depicts the temperature dependence of the ohmic conductance G for P-doped Si NC films at nominal doping concentrations from 1% to 20%. As shown in Figure 3a , the conductance of P-doped Si NC films monotonically increases with the nominal doping concentration. However, Si NC film at X P,nom = 20% shows lower conductance than the film at X P,nom = 10%. The reason is not clear at this time. Over the entire range of doping concentrations under investigation, the film conductance G f follows Efros-Shklovskii (ES) law:
where
Zabrodskii analysis [34] (not shown here) confirms this result. The fact that ES conductivity is seen even at the smallest studied donor concentration implies that even in this case the average number N D of donors per NC is large. As explained above, fluctuations of this number lead to charging of majority of NCs, the ES Coulomb gap and ES conductivity. We extract the characteristic temperature T ES from the slope of linear fits for ln G vs T −1/2 using Eq. (7). We estimate the effective dielectric constant ε r of the NC film from the canonical Maxwell-Garnett formula [35] (the film density is assumed to be ∼ 50%) and find ε r 3. Knowing T ES , the dielectric constant and using Eq. (8) we compute the localization length ξ. As the doping concentration increases, ξ grows from 1.4 nm at X P,nom = 1% to 26.8 nm at X P,nom = 20%, as displayed in Figure 3b and shown in Table I .
For larger nominal doping n = (1.9−2.8)×10 20 cm −3 , ξ exceeds the NC diameter and reaches three NC diameters for the highest doping level. This indicates the approach to the MIT with growing n. These data are consistent with the predicted n c 5×10 20 cm −3 by Eq. (1). Similar growth of ξ was observed in Ref. [3] for CdSe NCs.
We also studied the effect of the NC separation to verify the theory prediction, Eq. (6). The P-doped Si NCs are prone to oxidation if exposed to air. An oxide shell starts to grow from the outer surface towards the core by consuming the original Si lattice. The neighboring NCs are now separated by two oxide shells, whose combined thickness s grows with time. According to Eq. (6) the critical electron concentration n c increases with increasing s and therefore, ξ decreases. In SI4 we report our study of ξ(s) and find a qualitative agreement with Eq. (6).
CONCLUSIONS
We derived the MIT criterion given by Eq. (1) for films of semiconductor NCs analogous to the Mott criterion for bulk semiconductors. According to this criterion, MIT occurs in Si NC films at a critical concentration n c 5 × 10 20 cm −3 . We investigated the electron transport in P-doped Si NCs to test this theory. ES variable range hopping conduction was found for all doping concentrations n up to n = 2.8 × 10 20 cm −3 .
The localization length increases with increasing doping concentration and exceeds the diameter of a NC at n > 1.9 × 10 20 cm −3 , which indicates the approach to the MIT in P-doped Si NC films, in agreement with our theory.
Recently in the Ref. [19] we focused on the variablerange hopping of electrons in semiconductor nanocrystal (NC) films below the critical doping concentration n c at which it becomes metallic. We studied how the localization length grows with the doping concentration n in the film of touching NCs. For that we calculated the electron transfer matrix element t(n) between neighboring NCs. We used the ratio of t(n) to the disorder-induced NC level dispersion to find the localization length of electrons due to the multistep elastic co-tunneling process and showed that the localization length diverges at concentration n equal to n c given by Eq. (1).
EXPERIMENTAL METHODS
Freestanding P-doped Si NCs were synthesized in a nonthermal radio frequency plasma with a frequency of 13.56 MHz. The detailed description of synthesis can be found elsewhere [30, 33] . The doping concentration is controlled by changing the flow rate of phosphine (PH 3 ) while maintaining constant flow rates for Ar and SiH 4 . Typical flow rates used in this work are 0.4 standard cubic centimeters per minute (sccm) of SiH 4 , 55 sccm of Ar, and 0.028 -0.66 sccm of PH 3 diluted to 15% in hydrogen. The plasma is operated at a pressure of 0.9 Torr with a nominal power of 110 W.
The crystallinity and the particle size of Si NCs were characterized by XRD using a Bruker-AXS microdiffractometer with a 2.2 kW sealed Cu X-ray source at 40 kV and 40 mA (wavelength 0.154 nm). The XRD pattern was recorded for dry powders of Si NCs deposited on a glass substrate. The high resolution bright field TEM employed FEI Tecnai G2 F-30 TEM with a Schottky field-emission electron gun operated at 100 kV accelerating voltage. The TEM sample was prepared by collecting Si NCs directly onto a copper lacey carbon grid in the plasma reactor.
FTIR measurements were performed using a Bruker Alpha IR spectrometer equipped with a diffuse reflectance (DRIFTS) accessory with a deuterated triglycine sulfate (DTGS) detector. All spectra were recorded from 375 to 7000 cm −1 at 2 cm −1 resolution, and averaged over 20 scans.
The P incorporation in Si NCs was quantified by ICP-OES. Si NCs were digested in a mixture of hydrochloric acid (HCl), nitric acid (HNO 3 ) and hydrofluoric acid (HF). The elemental analysis was calibrated by the standards of Si and P samples.
Lateral two-terminal devices were fabricated on SiO 2 substrates with prepatterned Au interdigitated electrodes inside a nitrogen-filled glovebox. The spacing of electrodes is 30 µm, and the aspect ratio is 5317. The substrates were precleaned by sequential ultrasonication for 10 min each in acetone, methanol and isopropyl alcohol, and were treated in UV/Ozone for 20 min. Asproduced Si NC powders were dissolved in anhydrous 1,2-dichlorobenzene (DCB), and cloudy stable suspensions were formed by ultrasonication. Si NC films were spin-coated from dispersions of 10 mg ml −1 .
Previous work has shown that low temperature annealing leads to an increase in the free electron concentration of the P-doped Si NCs and this is primarily attributed to the reduction of dangling bond defects during the annealing process [33] . We notice that the annealed Si NC films exhibit higher conductance and improved stability compared with fresh-made films. For this study, all Pdoped Si NC films were annealed at 125°C overnight inside the glovebox before measurement. The O 2 level was controlled less than 0.1 ppm to minimize the oxidation of NCs during annealing. The devices were then transferred into another nitrogen-filled glovebox for subsequent electrical measurements. All handling and testing of devices was performed without air exposure.
The current-voltage (I-V) characteristics of the NC films were recorded in a Desert Cryogenics (Lakeshore) probe station in a nitrogen-filled glovebox with Keithley 236 and 237 source measuring units and homemade LabVIEW programs. Low temperature measurements employed a Lakeshore 331 temperature controller with a fixed ramp rate of 4 K/min. All electrical measurements were carried out in the dark and under vacuum at the pressure of ∼ 10 −3 Torr.
SUPPLEMENTARY INFORMATION: METAL-INSULATOR TRANSITION IN FILMS OF DOPED SEMICONDUCTOR NANOCRYSTALS SI1 Geometry of b-contact
In Fig. S4 we schematically show the geometry of the b-contact, which determines the conductivity in the case when NCs touch each other away from facets. In the paper we used the criterion for the MIT Eq. (5):
It specifies the conductance between NCs at which the Anderson localization is eliminated. One can wonder why large energy gaps ∆ between consecutive shells are not making the Anderson delocalization more difficult in the degenerate case than in the non-degenerate one. Indeed, due to random charges of surrounding NCs the whole spectrum of a NC is shifted up and down with respect to the spectrum of nearest-neighbor NCs and the Fermi level of the system (see Fig. S5 ). The reason for the universality in this case is that a large number of degenerate levels in shells closest to the Fermi level in both contacting NCs compensates the large value of ∆. Below we verify this compensation generalizing arguments of Ref. [36] to the degenerate case.
The overlap integral between levels of two nearest neighbor NCs
where Ψ 1 , Ψ 2 are wave functions on two contacting NCs. Following Ref. [36] we calculate the amplitude to find an electron on the NC B when it is localized on the NC A. The electron tunnels from A to B following a particular path with S intermediate states in sequential NCs (see Fig. S5 and Ref. [36] ). The corresponding amplitude is
where ∆ stands for the estimate of the absolute value of differences between the energy of the tunneling electron and the (degenerate) energy levels of an intermediate NC.
Due to the 2l+1 degeneracy of each energy shell the total number of such paths is (2l + 1) S . Since the intermediate energy is the same, these tunneling amplitudes have the same sign. Adding all of them we get
This leads to the tunneling probability
When S → ∞ the tunneling probability exponentially diverges if |t|(2l + 1)/∆ > 1. This means the delocalization of the electron. We can define a quantity D = (2l + 1)/∆ as the density of states participating in the tunneling process within each dot. Then the universal criterion for the MIT is
The contact conductance between two quantum dots according to Ref. [37] is
We find that even for the case of degenerate levels the metal-insulator transition happens at the critical value of G which is determined by Eq. (S9). We see that the criterion for the MIT, Eq. (S9), does not depend on the degeneracy of levels and is correct for both a B d and a B d. 
SI3 Characterization of Si NCs
We used X-ray diffraction (XRD) to estimate the diameters of NCs. Figure S6a shows well-defined XRD peaks corresponding to diamond cubic structure in P-doped Si NCs with nominal doping concentration X P,nom from 1% to 20%. The diameters of NCs shown in Table I are calculated from the peak broadening in XRD spectra with spherical correction [38] . As X P,nom increases from 1% to 20%, the NC diameter decreases from 8.1 nm to 7.1 nm. This size reduction is likely caused by H 2 etching [39] , since PH 3 is diluted in H 2 with a volume fraction 15%.
A typical bright field transmission electron microscopy (TEM) image for nominal 10% P-doped Si NCs is shown in Figure S6b . The P doping does not alter the spherical shape of Si NCs and the NC diameter dispersion is ∼ 15% for all NCs used in this study. With the diameter of NCs and the concentration of free electrons n, we can calculate the average number of electrons per NC N . For X P,nom = 20 %, we get N ∼ 50 electrons per NC. All known parameters of Si NCs are summarized in Table I .
SI4 Oxidation
In previous work, we found that oxidation follows the Cabrera-Mott mechanism with a characteristic time t m = 14.4 min [40] . Based on this oxidation mechanism, we can investigate the dependence of the localization length on the separation s between NCs.
The 10% P-doped Si NC film was exposed to the air for different periods of time. Temperature dependence of the ohmic conductance for films exposed to air from 1 min to 4 hrs is plotted against T −1/2 in Figure S7a . The film conductance decreases with decreasing temperature for all measurements, and ES variable range hopping was observed for the majority of temperature range. T ES is getting larger with increasing air exposure time, which indicates the decrease of the localization length with oxidation.
This effect can be understood as follows [29] . In ES variable range hopping, when an electron tunnels to a distant, non-neighboring NC at a distance x, its tunneling trajectory involves passing through a chain of intermediate NCs, and the decay of the electron wave function is dominated by passage through gaps between neighboring NCs along the chain. As a consequence, the wave function is suppressed by a factor of ∼ exp[−sx/bd] [41] , so that the localization length is given by ξ bd/s. The oxide growth on the Si NC surface increases s and reduces ξ.
The dynamics of the oxide growth on NC surface can be characterized by the Elovich equation [42] : s = r 0 t m ln (1 + t/t m ), where r 0 and t m are reaction rate and characteristic time, respectively. Now we have,
The inverse localization length for oxidized Si NC films is plotted against air exposure time in a linear-log scale as shown in Figure S7b , and the red solid line is the fit with Eq. (S15). The experimental data are in good agreement with Cabrera-Mott oxidation mechanism. The characteristic time t m for P-doped Si NCs is found to be 28 min, twice larger than the intrinsic H-terminated Si NCs [40] . This means faster oxidation of P-doped Si NCs. In Cabrera-Mott mechanism, an electron from the cleaved Si-Si bond is transferred to an adsorbed O 2 molecule and the resulting O −
